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Abstract C linearized observation matrix
A nonintrusive high angle-of-attack flush airdata sensing G pressure coefficient

(HI-FADS) system was installed and flight-tested on the F- ESP electronically scanned pressure

18 high alpha research flight vehicle at the National Aero- . .

nautics and Space Administration Ames Research Center’s FL.. aerodynamic model functional

Dryden Flight Research Facility. The system is a matrix of HARV high alpha research vehicle
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Calibration results are presented. Flight test results used all Doo free-stream static pressure
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Aa angle-of-attack residual, deg

S angle-of-attack calibration parameter,
(e — o), deg

AB angle-of-sideslip residual, deg

&8 angle-of-sideslip calibration parameter,
(Be — B), deg

AM Mach number residual

6X state vector iteration error

§2 model prediction iteration error

€ HI-FADS model calibration factor

€y variation of e with Mach number

€ variation of e with effective angle of attack

flow incidence angle, deg

A HI-FADS normal angle coordinate, deg

o standard deviation of HI-FADS
pressure vector

] HI-FADS clock angle coordinate, deg

Introduction

Current aircraft performance and maneuverability re-
quirements have complicated the problem of flight control
augmentation. This is especially true at high angles of at-
tack where small changes in angle of attack can greatly in-
fluence the aerodynamic properties of the aircraft. To study
aerodynamics at high angles of attack, a flight test program
with the F-18 high alpha research vehicle (HARV) is being
conducted at the National Aeronautics and Space Admin-
istration Ames Research Center’s Dryden Flight Research
Facility. Preliminary flights have concluded. To achieve
the program’s research objectives, highly accurate airdata
measurements were required throughout the entire subsonic
flight envelope. At high angles of attack, it is difficult to
measure airdata accurately with traditional sensing devices
such as nosebooms. Also, a noseboom installation alters the
basic flow characteristics of the aircraft nose. Since flow vi-
sualization and aircraft parameter identification at high an-
gles of attack were major HARV program objectives, it was
critical not to alter this flow.!

To avoid this difficulty, a nonintrusive high angle-of-
attack flush airdata sensing (HI-FADS) system was installed
and flight-tested on the HARV. The HI-FADS system design
is an evolution of prototype nonintrusive systems demon-
strated in previous flight research studies.2?* References 3
and 4 give individual orifice pressure coefficient data for
similar arrays on other aircraft. This paper emphasizes the
airdata algorithm development and composite results ex-
pressed as airdata parameter estimates and describes the HI-
FADS system hardware, calibration techniques, and algo-
rithm development. An independent empirical verification

was performed over a large portion of the subsonic flight en-
velope. Test points were obtained for Mach numbers from
0.15 10 0.94, and angles of attack from —8.0 to 55.0°. An-
gles of sideslip ranged from —15.0 to 15.0°, and test alti-
tudes ranged from 18,000 to 40,000 ft.

Vehicle Description

The HARV (Fig. 1) is a single-place F-18 aircraft with
dual engines and a midwing with leading- and trailing-edge
flaps. The noseboom was removed to allow the HI-FADS
to be installed. The wingtip sidewinder launch racks were
removed and replaced with camera pods and wingtip airdata
booms. For flight safety, the HARY flight tests were limited
to 55° angle of attack.

Research Measurement Aquisition System

For the HARYV flight tests a special research measurement
aquisition system was installed. This system provided flight
research measurements in addition to the data provided by
the aircraft flight systems sensors. Research system mea-
surements included: (1) linear accelerations from a set of
body-axis accelerometers, (2) pitch, roll, and yaw attitudes
from a gimbaled attitude gyro, (3) three-axis angular veloc-
ities from a body-axis rate-gyro package, (4) airdata from
two calibrated wingtip airdata booms, and (5) pressure data
from the HI-FADS system. Velocity, aircraft attitudes, and
altitude from the aircraft inertial navigation system (INS)
were also interfaced with the research measurement aqui-
sition system. All data were digitally encoded onboard us-
ing pulse code modulation (PCM) and telemetered to the
ground where they were displayed in real time and recorded
for post-flight analysis.

The wingtip airdata booms were installed specifically for
the HARV flight tests. The right wingtip airdata boom
was a standard National Advisory Committee for Aeronau-
tics (NACA) pitot-static head with flow direction vanes.’
The left wingtip airdata boom was a specially constructed
swivel-head designed to align with the local air-velocity
vector. This swivel design eliminated total pressure loss at
high angles of attack. Flow direction sensing vanes were
also installed on the left wingtip boom. Both wingtip booms
were calibrated to a steady-state bias accuracy of better than
+0.003 in Mach number and £0.5° in angle of attack and
sideslip. The validity range for the calibration of the wingtip
airdata sensors was up to 40° angle of attack. Beyond this
the accuracy of the wingtip sensor measurements dimin-
ished rapidly,

The HI-FADS configuration has a simple hardware ar-
rangement. The basic fixture is a small fiberglass-reinforced
plastic cap, mounted on the nose of the F-18 HARY air-
craft. A set of 25 0.06-in.-diameter pressure orifices, ar-
ranged in annular rings, were drilled in the nosecap. Flight
tests were conducted using both a 25-port arrangement and a
subset of 9 ports. Pressures at the nosecap were sensed by a
multitransducer electronically scanncd pressure (ESP) mod-
ule remotely mounted on a structural bulkhead within the



aircraft nose cavity. Each ESP transducer has an internal
volume of less than 0.01 in?. The temperature enviorment
of the ESP module was controlled by wrapping the sensor
in a heater blanket to maintain the entire unit at an operat-
ing temperature of approximately 110 °F. The rear reference
pressure for the ESP module (which consists of differential
pressure sensors) was measured by an absolute pressure sen-
sor also mounted in the aircraft nose cavity. Short-period
fluctuations in the reference pressure were damped out by
a reference tank with an internal volume of approximately
5 in®. The temperature environment of the reference pres-
sure sensor was also controlled by a heater blanket.

The outputs from both the ESP module and the refer-
ence sensor were discretized by PCM and telemetered to
the ground using the research measurement aquisition sys-
tem. Data were sampled at 50 samples/sec. Depending
on the scaled pressure ranges, which varied from +4.0 to
+5.0 Ib/in?, the resolution of each recorded ESP pressure
signal varied from 1.0 to 2.0 Ib/f® for each PCM count.
The estimated accuracy was approximately +0.25 percent
of full-scale. The resolution of the reference static pressure
sensor was 0.015 Ib/ft* for each PCM count. Again, the
estimated accuracy was on the order of +0.05 percent of
full-scale. The HI-FADS hardware arrangement is shown
in Fig. 2.

Potential resonance and aliasing problems with the HI-
FADS pressure measurements were circumvented by care-
ful selection of the pneumatic lines used to transmit pressure
impulses from the HI-FADS surface ports to the ESP mod-
ule. Through previous dynamic response data for similar in-
stallations and the analysis techniques presented in Ref. 6, it
was determined that at a representative altitude of 20,000 ft,
8 ft of 0.06-in.-diameter flexible tubing connecting the HI-
FADS ports to the ESP module would approximate a low
pass filter with a rolloff frequency of 20 to 30 Hz. In the
20-30 Hz frequency range the pneumatic power is attenu-
ated by approximately 3 dB and the pneumatic lag is approx-
imately 10 msec. These attenuations and lags are considered
acceptable. For a lower altitude the attenuation and lag will
be less; for a higher altitude they will be greater. Figure 3
shows the frequency response of the pneumatic tubing and
ESP port configuration at 20,000-ft altitude.

The HI-FADS pressure port layout consists of a set of
25 ports arranged in four rings and a single nosetip port. The
rings were distributed in a symmetric radial pattern around
the nosecap axis of symmetry. Analyses were performed us-
ing all 25 orifices and a subset of 9 orifices. The locations
of the nosecap ports were determined using a normal/clock
angle (Fig. 4) coordinate system measured relative to the
axis of symmetry. The nosecap itself is biased downward at
an angle of 5.6° relative to the longitudinal axis of the air-
craft. The normal angle ()) is defined as the total angle that
the normal to the surface makes with respect to the nose-
cap axis of symmetry. The clock angle (¢) is defined as the
angle, looking aft, around the axis of symmetry, measured
clockwise, starting at the aircraft Z-axis.

The ports were named according to the clockwise order
of occurence within each annular ring, starting at ¢ = 0.
Thus, the third clockwise port in the second ring is desig-
nated P203, the fourth port in the second ring is designated
P204, and so on. The coordinate angles of the various pres-
sure ports are listed in Table 1. Port numbers followed by an
asterisk were used in both the 9-port and 25-port analyses.

Flow Analysis and Pressure Modeling

In this section, a flow model is developed which can re-
late the HI-FADS pressure measurements to free-stream ai-
data quantities. Once a model is developed and verified, all
25 pressure measurements can be used along with the model
to estimate the complete airdata state using nonlinear regres-
sion. The use of an overdetermined (more observations than
states) analysis minimizes the effects of error of any single
pressure measurement. This results in a robust algorithm.
First a potential flow pressure coefficient model will be de-
veloped; then effects caused by aircraft induced upwash and
sidewash will be modeled.

Pressure Coefficient Model for Incompressible
Potential Flow on a Hemisphere

References 7 and 8 show that for three-dimensional in-
compressible potential flow around a sphere, the pressure
coefficient at the surface is

9 ., 5. 9 .,
=]1-= = —— —

Cp(6) 3 sin“ (6) ) + 3 cos”(60) (1)
where 6 is the total flow incidence angle at the surface. To
account for a nonspherical nose shape, compressibility, and
afterbody effects, the coefficients assume arbitrary values
while still retaining the basic form of the model

Cy(6) = A+ B cos*() 2
The coefficients A and B are empirically determined. To
satisfy conservation of momentum and energy, the stag-

nation pressure constraint must be enforced, so that when
0=0

C,,(O)=%"-=A+B (3)
This constraint may be built into the model by letting

dc
A= —€ 4
F 4

and
B= %cl—e) )

Substituting these constraints for 4 and B into equation (1)
and regrouping terms gives

Co() = %i[cosz(e) + € sin%()] (6)



Thus the parameter e represents an adjustment to modified
Newtonian flow theory.2 Applying the definition of the pres-
sure coefficient

Cp(0) = ”"—;”ﬁ Q)
the model reduces to
Po = gc[cos?(8) + esin?(6)] + peo (8)

The incidence angle may be written in terms of angle of
attack and angle of sideslip by taking the inner product of
the position vector with the velocity vector

cos(f) = ﬁf‘r‘r‘m = cos(a) cos(B) cos())
+ sin( B) sin(¢) sin(\)
+ sin( &) cos(B) cos(¢) sin())
€)]

Thus for a given location on the surface

p(¢1x) =F(a)ﬂ1th°01¢lxle) (10)

where «, 3, ., and po, are airdata parameters, ¢ and ) are
orifice coordinate angles, and ¢ is a calibration parameter to
be empirically determined.

Effects of Aircraft Induced Upwash and Sidewash

The potential flow model assumes a nonlifting hemi-
sphere with no trailing afterbody. Clearly this is not true for
the HARV HI-FADS where induced wash caused by aircraft
Lift and thickness alters the angle of attack and sideslip of the
local stagnation streamline.!® As a result, the HI-FADS sys-
tem experiences effective (a, A.) not free-stream (oo, Foo)
angles of attack and sideslip. To adjust the flow model for
this difference let

Qe = Qoo + S (11)

and
Be= P+ 88 (12)

where Sa and 88 are calibration factors which must be em-
pirically identified.

System Calibration

The HI-FADS system was calibrated using reference air-
data values generated from flight data by minimum vari-
ance estimation techniques.’'%!! In this procedure, high-
accuracy, high-fidelity reference airdata are generated by
merging complementary information from multiple data
sources provided by the rescarch data aquisition system with
external measurements such as radar tracking and analyses
of weather balloon information.

All flight maneuvers used in the calibration analyses were
preceeded and followed by approximately 20 sec of stabi-
lized low to moderate angle-of-attack flight. During this
stabilized flight, the wingtip boom airdata were weighted
heavily to give initial and final estimates of the atmospheric
winds. During the course of the calibration maneuvers, fil-
ter weights were adaptively varied to weight the wingboom

airdata inversely proportional to both pitch rate and angle of
attack. At the same time, the equivalent time constant of the
wind states was increased in direct proportion to pitch rate
and angle of attack. Weights on the inertial and meteorolog-
ical data were constant throughout the maneuver. Maneuver
reference airdata were generated off-line using a forward—
filter, backward—smoother algorithm and stored for later use
in the calibration analyses.

A maneuver was good for calibration purposes when the
resulting wind estimates showed little or no correlation to
aircraft dependent velocity parameters. The basic premise
of this technique is that if atmospheric winds change during
the course of a flight maneuver, they should change inde-
pendent of aircraft motions. Examining filter covariance es-
timates shows that the resulting reference airdata estimates
have a root mean square (rms) noise level of approximately
0.001 in Mach number, 0.1° in angle of attack and angle of
sideslip, and 10 ft in altitude.

Estimation of Calibration Parameters Using
Reference Airdata

The calibration parameters S«, 58, and ¢ were esti-
mated by substituting the reference airdata into the flow
model and comparing the model-predicted pressures to
the measured pressures. Residuals between the measured
and predicted pressures were used to infer the values of
the calibration parameters at each data frame using non-
linear regression.

The pressure at the ith HI-FADS orifice is related to
the flow indicence angle according to the semi-empirical
expression

Pi = glcos?(6)) + esin®(0)] + poo  (13)
where 6; is a function of the surface location and the ef-

fective angles of attack and sideslip. Equation (13) may
be written as

Olg

Be y
g '
€

where

éi

X
is the coordinate vector for the ith HI-FADS orifice. If equa-
tion (14) is linearized by expanding in a power series around

Qe Qoo
(ﬁe)=<ﬂm) (15)
€ 0

truncated after first order, and evaluated using the measured
pressures and reference airdata, the result may be grouped



as the linear matrix system,

@), (%)
®). (%)

(53,
(%),

n-F
=Py,

foo
oo
e L (%), @9,

x| 68 (16)

where
B i

and

’ Poo
aF,' _6_F ¢i
(&) -2 ] (8) ]

'

and so on. At each data frame equation (16) is solved for
the calibration parameters o, 83, and e using least-squares
regression. 12

Calibration Results

During the course of the calibration procedure, data were
obtained throughout the subsonic flight regime. Mach
numbers ranged from 0.15 to 0.94, angles of attack from
—80 to 55.0°, and angles of sideslip from —15.0 to
15.0°. Various maneuvers such as pushover-pullups, level
acceleration-decelerations, angle-of-sideslip sweeps, and
wingrocks were examined. Calibrations were performed for
both the 9-port and 25-port configurations.

Systematic trends were identified by plotting the esti-
mated calibration parameters, the results of the regression
on equation (16), as a function of various flight variables and
visually inspecting the results. Once trends were identified
by visual inspection, they were curve-fit and interpolated to
generate a series of tabular breakpoints which were hard-
coded into the HI-FADS algorithm. Because the HI-FADS
system measures effective not free-stream angles of attack
and sideslip, calibration results will be presented in terms of
the effective flow angles. Calibration results did not differ
significantly for the 9-port and 25-port configurations.

Calibration data for the upwash parameter §a are shown
in Fig. 5. The upwash parameter is plotted on the ordi-

nate axis, and the effective angle of attack, as measured
by the HI-FADS system, is plotted on the abscissa. While
the standard deviation in the upwash parameter increases
with decreasing Mach number, no trend of upwash pa-
rameter with either Mach number or angle of sideslip was
clearly discernable.

Similar calibration data for the sidewash parameter § S are
shown in Fig. 6. The sidewash parameter is plotted on the
ordinate axis; the effective angle of sideslip, as measured by
the HI-FADS system, is plotted on the abscissa, As above,
the standard deviation in sidewash parameter increased with
decreasing Mach number, while the sidewash parameter
had no systematic trend with either Mach number or angle
of attack.

During the course of the analysis, it was empirically deter-
mined that the calibration factor e may be decomposed into
two components: one which varies as a function of Mach
number only (e,¢), and one which varies as a function of
effective angle of attack only (e, ), where

€E=€ey+ €,

These breakpoints are shown in Figs. 7 and 8. In Fig. 7,
€y is plotted on the ordinate axis, while free-stream Mach
number is plotted on the abscissa. Interestingly, the break
points of Fig. 7 agree closely with the curve prescribed by
the Prantl-Glauret transformation, where

1
Ji-ME

is plotted as a function of free-stream Mach number. This
curve is shown as a solid line on these plots. Prantl-Glauret
is the affine transformation used subsonically to map in-
compressible flows into equivalent compressible flows.” 1
Thus, ey may be thought of as a compressibility correction
on the potential model.

In Fig. 8, ¢, is plotted on the ordinate axis, while effec-
tive angle of attack is plotted on the abscissa. Stagnation
pressure data presented in Ref. 13 indicate that e, may be
considered as an adjustment for the loss of total flow energy
at the HI-FADS sensing array caused by the increasing av-
erage flow angularity over all the pressure ports. For the
moderate angles of sideslip encountered in the HARV HI-
FADS tests, no systematic trend relating angle of sideslip to
€ was found.

Developing the Algorithm

The algorithm used for determining the free-stream air-
data parameters (oo, Boos Poo, and gc.,) with the HI-FADS
pressure data was developed by an approach similar to that
of the previous section. Assuming that an estimate of the Jth
free-stream airdata state is available, if the calibrated flow



model is expanded and linearized about this estimate

plj~l - Flk
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x 00j+1 - Mooy
pwj+l _Peo,'
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where
[¢ 7
'Bm’ S b
M- 007 i
By =F Py |’ Sf ’ ( Xi )

9o,

(20)
and so on. The parameters Sa, §3, and € are computed us-
ing the calibration tables. If the left side of equation (19)
is evaluated using measured pressure data, the N by 4 di-
mensional overdetermined linear system may be written in
matrix form as

8Z=C 86X + error 21
and solved using weighted iterative least squares!2

Xjr1 =X+ [ (CTO)'CT 1[Zh) - 2] (22)

with
P, F:‘llt
Zj = p’:" , 2= F_z“ (23)
PN F"l/
and
Boojur Goo;
Lol Il B L ol IS
Gy, Yoo,
and so on.

At each data frame the algorithm must be iterated until
convergence; this typically takes two iterations. To aid con-
vergence at the end of each data frame, the system is re-
linearized around the state estimate resulting from the pre-
vious data frame. Initially, the system is linearized using
INS data until startup transients have disappeared. This ini-
tialization has also been performed with a prescribed set of
initial conditions.

Sensor fault detection is mechanized using a simple 3o
error bound. At the beginning of each data frame, the mean
and standard deviation of the sensor pressure array are eval-
vated. The weight of any sensor whose reading deviates
from the mean by more than 3 times the standard deviation
30 is set t0 0.001. All sensors with readings not exceeding
the 30 bound are given a weight of 1.0. This relative weight-
ing scheme, verified using simulated data, effectively elim-
inates incoming information from a deviant sensor. This
weighting scheme is not intended to enhance the HI-FADS
algorithm estimates, but only to detect catastrophic failure
of any sensor. The algorithm robustness accounts for small
deviations in sensor readings.

Evaluation of System Performance

The performance of the HI-FADS system was evaluated
using flight data. Various HI-FADS derived airdata esti-
mates were compared to the corresponding reference airdata
paramcters. The reference airdata were generated using the
same minimum variance estimation techniques described
previously. To show typical flight results, data from a single,
moderate rate dutch roll maneuver will be presented. These
results, performed with the 9-port configuration, were not
used in establishing the calibration tables.

Comparisons of HI-FADS with reference angles of attack
are shown in Fig. 9. Figure 9(a) shows the actual angle-of-
attack time histories. Two curves are presented, the refer-
ence angle of attack and the HI-FADS angle of attack. For
the scale used, no differences are discernable. Actual dif-
ferences may be seen by plotting the time history of the
residual between the HI-FADS and reference anglcs of at-
tack. This residual time history is presented in Fig. 9(b).
Similar comparisons for Mach number and angle of sideslip
are presented in Figs. 10(a), 10(b), 11(a), and 11(b). Ex-
cept for small deviations during the high-rate portions of the
maneuver, it is difficult to find any difference between the
HI-FADS and reference airdata values.

Quantitative accuracy levels were obtained by evaluating
residual statistics for a variety of HI-FADS manecuvers. Ta-
ble 2 presents results for both the 9-port the 25-port analy-
ses. Eight flight maneuvers, obtained during several differ-
ent flights, were used to perform the statistical evaluation for
the 9-port analyses. Six of the above maneuvers were used
to perform the statistical evaluation for the 25-port analyses.
During several data flights at high angles of attack some of
the ports were used for flow visualization studies and were
disconnected from the ESP module. Thus the full 25-port
analyses could not be performed for these flights. Approxi-
mately 45,000 data frames were used to perform the 9-port
statistical evaluation. Approximately 26,000 data frames
were used to perform the 25-port statistical analysis.

HI-FADS airdata estimates from 25-port analyses were
slightly less noisy than for the 9-port analyses. Since the
25-port configuration is more overdetermined and thus less
sensitive to individual measurement errors, this result is ex-
pected. The statistical data indicate that even up to high



angles of attack both the 9-port and 25-port configurations
have a standard deviation of approximately 0.5° in angle of
attack and angle of sideslip, and better than 0.004 in Mach
number. On a steady-state basis the extremely low resid-
ual mean values indicate that the HI-FADS system can be
calibrated as accurately as the reference against which it
is compared.

Some discussion concerning the effects of unsteady aero-
dynamics on the HI-FADS frequency response is appropri-
ate. Recall that the flow field at the aircraft nose is influ-
enced by the circulation field originating at the aircraft cen-
ter of pressure. The strength of this circulation field is di-
rectly proportional to the aircraft lift and thus indirectly cor-
related to the aircraft angle of attack. As the aircraft angle
of attack varies, it takes a finite amount of time for changes
in the circulation field to develop and propogate forward
from the center of pressure. This propogation delay results
in a phase lag in the HI-FADS airdata measurements. At
20,000 ft altitude and Mach 0.6, data analyses have shown
this delay to be approximately 100 msec.

Power spectral density (PSD) analysis indicates that the
HI-FADS measurements are valid through 10 Hz. This con-
clusion is shown in Figs. 12 and 13. In these figures the
PSD of HI-FADS angle of attack and Mach number from the
dutch roll maneuver of Figs. 9 and 10 are plotted. In both fig-
ures the magnitude rolloff occurs around 10 Hz and reaches
the noise threshold of the measurement system a little be-
yond 20 Hz. Because the atmospheric spectrum for this par-
ticular maneuver has not been independently identified us-
ing other data sources, it is unclear whether the rolloff from
10 to 20 Hz is a result of HI-FADS system pressure atten-
uation or caused by a decrease in power of the free-stream
turbulence at these frequencies. In any case the HI-FADS
dynamic response to beyond 10 Hz exceeds the dynamic re-
sponse capability of most production airdata systems.

Under moderate maneuvering conditions, (angular rates
less than 20 deg/sec) all flight data examined show that the
HI-FADS system, in both the 9-port and 25-port configu-
rations, performs well over the entire subsonic Mach num-
ber range and up to 55° angle of attack. During heavy ma-
neuvering (angular rates greater than 20 deg/sec), acrody-
namic lags in the aircraft flow field cause some performance
degradation. The frequency response of the system is good
through 10 Hz.

The preliminary flight results demonstrate that the cal-
ibration of the HI-FADS system needs further refinement
to achieve greater system accuracy and expand the valid-
ity range to higher angles of attack and to supersonic flight.
The frequency response capability must be studied further
to determine the operational limits of the HI-FADS system.
Techniques for interfacing the HI-FADS data with INS data
should be addressed to improve accuracy over a larger flight
envelope. Onboard avionics and processors required for a
real-time HI-FADS implementation should be developed,
installed, and tested on a flight vehicle.

Concluding Remarks

A protype nonintrusive airdata system was installed and
flight-tested subsonically at high angles of attack on the F-18
high alpha research flight vehicle at NASA Ames Research
Center’s Dryden Flight Research Facility. This system con-
sists of a matrix of 25 pressure orifices arranged in con-
centric circles on the nose of the vehicle. The system was
tested using all 25 pressure ports and a subset of 9 pressure
ports. Pressure was transmitted from the orifices to a mul-
tiport electronically scanned pressure module through lines
of flexible pneumatic tubing. Outputs were digitized and
telemetered to the ground where they were recorded on tape
for post-flight processing.

The high angle-of-attack flush airdata sensing (HI-FADS)
system was calibrated using flight data. The calibration
parameters relate effective angle of attack and angle of
sideslip to free-stream values and account for compress-
ibility and total energy loss at the sensor array. De-
tails of the calibration procedure and calibration results
were presented.

The HI-FADS algorithm was developed and presented.
Flight rcsults were processed and compared against refer-
ence airdata. Statistical analysis of residuals for both the 9-
port and the 25-port configurations indicate that the random
measurement uncertainty is approximately 0.5° in angle of
attack and angle of sideslip, and less than 0.004 in Mach
number. The extremely low residual mean values indicate
that on a steady-state basis the HI-FADS system can be cal-
ibrated as accurately as the reference values to which the
system is calibrated.

Spectral response characteristics of the HI-FADS system
were examined. The power spectral density data show that
the frequency response of the system is good beyond 10 Hz.
Under moderate maneuvering conditions (angular rates less
than 20 deg/sec), the HI-FADS system gave excellent re-
sults over the entire subsonic Mach number range and up
to 55° angle of attack. During heavy maneuvering (angu-
lar rates greater than 20 deg/sec), aerodynamic lags in the
aircraft flow field cause some performance degradation.

The calibration of the HI-FADS system needs further de-
velopment to expand the validity range to higher angles of
attack and to transonic and supersonic flight regimes. Lo-
cal aerodynamic effects on the frequency response must be
studied further. At the higher subsonic Mach numbers the
frequency response problem may need to be solved by the
development of an inertial-HI-FADS hybrid system. On-
board avionics and processors required for a real-time HI-
FADS implementation should be developed, installed, and
tested on a flight vehicle.
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Fig. 1 The high alpha research vehicle.
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Fig. 3 Analytical predictions of the frequency response.
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Fig. 2 The HI-FADS system hardware.
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Fig. 7 Calibration results for €, parameter.
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(a) Comparison of HI-FADS and reference angle of attack.
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Fig. 6 Calibration results for effective angle-of-sideslip
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Fig. 8 Calibration results for ¢, parameter.
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Fig. 9 Dutch roll maneuver time history of angle of attack.
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Fig. 10 Dutch roll maneuver time history of Mach number.
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Fig. 11 Dutch roll maneuver time history of angle of sideslip.
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